In Brief
Defects in the transition zone, a specialized region found at the base of cilia, result in cilia-related diseases. Diener et al. report a proteomic analysis of isolated transition zones that revealed the presence of ESCRT proteins, suggesting that these proteins play a previously unrecognized role in ciliary membrane dynamics.
Summary
The transition zone (TZ) is a specialized region of the cilium characterized by Y-shaped connectors between the microtubules of the ciliary axoneme and the ciliary membrane [1] . Located near the base of the cilium, the TZ is in the prime location to act as a gate for proteins into and out of the ciliary compartment, a role supported by experimental evidence [2] [3] [4] [5] [6] . The importance of the TZ has been underscored by studies showing that mutations affecting proteins located in the TZ result in cilia-related diseases, or ciliopathies, presenting symptoms including renal cysts, retinal degeneration, and situs inversus [7] [8] [9] . Some TZ proteins have been identified and shown to interact with each other through coprecipitation studies in vertebrate cells [4, 10, 11] and genetics studies in C. elegans [3] . As a distinct approach to identify TZ proteins, we have taken advantage of the biology of Chlamydomonas to isolate TZs. Proteomic analysis identified 115 proteins, ten of which were known TZ proteins related to ciliopathies, indicating that the preparation was highly enriched for TZs. Interestingly, six proteins of the endosomal sorting complexes required for transport (ESCRT) were also associated with the TZs. Identification of these and other proteins in the TZ will provide new insights into functions of the TZ, as well as candidate ciliopathy genes.
Results and Discussion

Isolation of Transition Zones
The transition zone (TZ) of Chlamydomonas is demarcated by a distinctive nine-pointed star (stellate structure) with a cylinder at its center that looks like an ''H'' in longitudinal section (Figures 1A) [12, 13] . Although the stellate structure and central cylinder are not present in vertebrate cilia, the proximal region of the cilia of Chlamydomonas and vertebrates do have structures (e.g., ''Y'' connectors Figure 2H [12] [13] [14] ) and proteins (e.g., CEP290 [2, 4] ) in common. Determining the makeup of Chlamydomonas TZs, therefore, should provide new insights into the composition and function of vertebrate TZs.
The life cycle of Chlamydomonas provided a means to isolate the TZ from this biflagellate alga. Before cell division, Chlamydomonas resorbs its flagella: the flagella gradually shorten, finally detaching from the basal body, leaving a vesicle containing the central cylinder of the TZ as the last remnant of the flagellum ( Figure 1B ) [15] [16] [17] . This vesicle, referred to hereafter as the TZ, sometimes remains entrapped in the flagellar collar [15, 17] , a proteinaceous sheath [18] that forms a channel through the cell wall for the flagellum ( Figure 1A ). To determine how prevalent the vesicles were in flagellar collars, we stained isolated cell walls with antibodies to acetylated a-tubulin and the flagellar collar. Many cell walls contained a pair of flagellar collars with a punctum of acetylated a-tubulin, representing a TZ, within each collar ( Figures 1C and 1D ). CEP290, a known component of the TZ [2] , was also present in many of the TZs ( Figure 1E) .
To isolate TZs, we fractionated cell walls on cesium chloride gradients producing a band in the lower third of the gradient containing flagellar collars as previously described [18] . Electron microscopy of negative stained samples from this band revealed that the flagellar collars retained electron dense vesicles (Figures 2A and 2B ). After extraction with NP-40, the central cylinder characteristic of the TZ could be seen ( Figure 2C ), confirming that these vesicles were TZs. Treatment of the crude preparation of TZs with gamete lytic enzyme to break down cell wall material before separation on the cesium chloride gradient released the TZs from the flagellar collars (Figure S1 available online). TZs from the cesium chloride gradient were further purified on an iodixanol (Optiprep) step gradient (see the Experimental Procedures). The 60%-30% interface of the iodixanol gradient was sedimented and appeared to contain predominantly TZs by differential interference contrast microscopy ( Figures S1C and S1D) .
Ultrastructure of the Isolated TZ
The isolated TZs were examined by transmission electron microscopy of thin sections ( Figures 2D-2F ), as well as by electron tomography of thick sections ( Figure 2G ). Electron tomographic reconstructions of TZs in situ illustrate the stellate structure surrounding the central cylinder, with its apexes attached to the outer doublet microtubules ( Figure 2H ). Y-shaped connectors can also be seen between the outer doublet microtubules and the membrane ( Figure 2H , arrows). In the isolated TZs, the outer doublet microtubules had depolymerized and the stellate structure was not identifiable. Still the central cylinder remained intact, although the transverse plate that separates the proximal and distal cylinders was missing ( Figure 2E, arrow) . Thus, the central cylinder is an autonomous structure whose integrity is not dependent on the stellate fibers ( Figures 2E-2G and Movie S1).
Nine projections extended from the central cylinder toward the outer membrane ( Figures 2F and 2G and Movie S1). In favorable sections, especially in the sectioned tomograms, these projections appeared to form Y-shaped attachments to the membrane ( Figure 2G , arrows). (The coarser appearance of the filaments in the isolated TZs compared to the in situ TZ may be due, in part, to the inclusion of tannic acid in the fixation of the former.)
Sections that cut through the periphery of isolated TZs ( Figure 2D , arrows) showed a cross hatched pattern, indicating that membrane-associated proteins retained an ordered longitudinal and circumferential pattern on the inner surface of the TZ vesicles even in the absence of microtubules. The longitudinal arrays are most likely formed by the Y-shaped connectors, which in the flagella are aligned with the outer doublet microtubules. The origin of the circumferential pattern is less clear; it may be a manifestation of the wedge connectors ( Figure 1A) .
Analysis of the isolated TZs by SDS-PAGE showed that their composition was very different from that of whole flagella (Figure S2 ). Potential contaminating proteins of cell walls were not prominent in the TZs. Centrin, a known component of the TZ [19] , was highly enriched in this fraction, as seen on a silver stained gel ( Figure S2A ) and by immunoblotting ( Figure S2B ). The preparation appeared to contain little contamination from flagella or cell walls and was deemed suitable for proteomic analysis.
Proteomic Analysis of Transition Zones
The protein composition of the isolated TZs was analyzed by mass spectrometry; proteins identified with at least two peptides and >90% probability were accepted (Table S1 ). No ribosomal proteins or components of the chloroplast were found in this protein set, although three ribosomal polypeptides were identified with a single peptide ( Table S2 ), indicating that cytoplasmic contamination was minimal. Likewise, no hydroxyproline-rich proteins or pherophorins, characteristic of the cell wall, were identified in the TZ proteome. Axonemal dyneins and radial spokes, which are only present on the axoneme distal to the TZ, were not identified by two peptides, indicating that few flagella were present in the TZ preparation. Furthermore, despite the fact that the isolated TZs were generated by the resorption of flagella prior to division, disassembled components of the depolymerizing axoneme were not prominent contaminants of the TZs.
Forty-nine of the proteins in the TZ proteome were also present in the Chlamydomonas flagellar proteome [20] (Table S1 ). In addition, three Bardet-Biedl syndrome (BBS) proteins, BBS1, BBS7, and BBS8, that were present in Chlamydomonas flagella [21] , but not in the flagellar proteome, were present. Many of these 52 flagellar proteins, e.g., a-tubulin and b-tubulin and the major flagellar membrane glycoprotein FMG1, have a general flagellar function rather than a TZ-specific function. Others may have distinct roles in TZs and flagella: centrin, for example, is a known component of the central cylinder in TZs [19] , whereas in flagella it is a subunit of inner arm dynein.
In addition to centrin, other known TZ proteins identified included a class of proteins associated with the nephronophthisis/Meckel syndrome/Joubert syndrome family of ciliopathies [8, 9, 22] . Fourteen homologs of this class of protein were identified in the predicted proteome of Chlamydomonas [23] . Of these, nine were identified in the TZ proteome (Table  S3 ). In addition, a protein with limited similarity to NPHP1 was also present. This protein fell below the e value cutoff (1e25) used by Barker et al. [23] when searching for Chlamydomonas homologs, but a pairwise BLAST alignment of the Chlamydomonas and H. sapiens proteins gave an e value of 8e210, suggesting that this is the Chlamydomonas NPHP1 homolog. Four Chlamydomonas homologs of the MKS and NPHP complex proteins, RPGRIPL1, TMEM216, TMEM237, and B9D1 [23] , were not identified, suggesting that either the current proteome is not complete or these proteins were missing from the isolated TZs. Other putative TZ proteins identified include the two subunits of katanin, one of which was previously shown to be present in the TZ [24] , and Fa1, which is involved in flagellar autotomy (the severing of the flagellum just distal to the TZ) and was hypothesized to be in the TZ [25] .
Of the remaining proteins, 32 were predicted proteins with little similarity to vertebrate proteins (Table S1 ). The remaining 18 proteins were newly identified as being associated with the TZ of Chlamydomonas and had strong similarity to human proteins (Table 1) . These proteins include two large proteins with multiple polycystin-1, lipoxygenase, alpha-toxin (PLAT) domains (POC2 and Mot51), a lipid flipase, an A-type cyclin, a cyclin-dependent kinase, and six proteins of the endosomal sorting complexes required for transport (ESCRT) system (Table 1) . To validate two of these putative TZ proteins, we generated antibodies against POC2 and one ESCRT protein, VPS4. Immunofluorescence of flagella/basal body complexes and isolated cell walls containing TZs confirmed that these proteins were located at the base of the flagella and in the TZ (Figure 3) . VPS4 previously has been found at the centrosome of tissue culture cells [26] . Nucleoporins and the TZ Trafficking of proteins into and out of the cilium has been compared to transport through the nuclear pore [27, 28] . The ciliary pore complex (CPC) may share size exclusion characteristics with the nuclear pore [29, 30] , and soluble proteins that shuttle cargo into and out of the nucleus, i.e., Ran, importins, and exportin, have been found to be associated with cilia and centrosomes (H. [20, [31] [32] [33] [34] . Furthermore, nucleoporins, components of the nuclear pore, have been found at the base of cilia [29] , and experimentally induced dimerization of NUP64, a central component of the nucleopore, inhibits entry of nonmembrane proteins into the nucleus and cilium [35] . Because no nucleoporin was identified in the TZ proteome, it seems unlikely they are a prominent feature of the TZ in Chlamydomonas. However, they may be located proximal to the TZ, surrounding the basal body, as has been suggested in mammalian cells [35] .
ESCRT Proteins Are Associated with the TZ Interestingly, six ESCRT-related proteins were identified in the TZ proteome (Table 1 ). The ESCRT machinery comprises several complexes (ESCRT-0-ESCRT-III, Vps4 complex) and accessory proteins (e.g., Alix) involved in membrane fission events that could be important for ciliary membrane dynamics. First, ESCRT proteins shuttle ubiquitinated proteins into multivesicular bodies [36] and could serve this function at the base of flagella, especially during flagellar resorption Figure S1 and Movie S1.
when ubiquitination of flagellar proteins increases dramatically [37] . Second, ESCRT proteins are required for the final abscission of the midbody to complete cytokinesis [38] and could participate in the topologically similar processes of flagellar autotomy and the pinching off of the TZ vesicle that occurs prior to cell division. Third, the ESCRT machinery provides the mechanism for the budding of vesicles (ectosomes) from the cell surface [39] . Chlamydomonas flagella release ectosomes [40] , and such ectosomes are active in breaking down the mother cell wall after cell division [41] . Ectosomes may be released continuously from all cilia, and ESCRT is the only mechanism known to facilitate the outward budding of membrane.
The TZ vesicles isolated in this study were formed by flagellar resorption and fission of the TZ vesicle from the cell membrane prior to cell division. The presence of ESCRT proteins in these TZs may be related to these division-specific functions. Identification of VPS4 in isolated flagella/basal body complexes of nondividing cells (Figure 3) , however, suggests these proteins are always present at the base of cilia.
Other evidence also suggests that ESCRT proteins are involved in ciliary function. Table S4 lists the results of a search for homologs of ESCRT proteins in Chlamydomonas in the cilia database Cildb [42] . Of the 14 ESCRT proteins identified in the Chlamydomonas genome, six were present in the TZ proteome, and ten have been identified in at least one other study of ciliary or centrosomal proteins (Table S4 ). In addition, a comparison of the protein composition of flagellar membrane to that of vesicles released from Chlamydomonas flagella showed a heightened concentration of ALIX in the vesicles, consistent with the involvement of the ESCRT machinery in formation of flagellar ectosomes (K. Huang and J.L.R., unpublished data). Furthermore, the ESCRT protein VPS4 has been detected associated with the centrosome, and its knockdown affects centriole duplication [26] . Finally, ESCRT-0 proteins are found at the base of sensory cilia of C. elegans, where they modulate the amount of LOV-1 and PKD2 in cilia [43] . Thus, evidence from widespread sources suggests that the ESCRT machinery is associated with the ciliary apparatus.
Membrane trafficking plays an important role in the formation and function of cilia [9, 41, [44] [45] [46] [47] [48] , and the ESCRT machinery may be a previously unrecognized component involved in the dynamics of the ciliary membrane. Identification of ESCRT proteins associated with the TZ of Chlamydomonas, along with other proteins identified in the TZ proteome, provides new clues to the functions of cilia and their involvement in ciliopathies.
Experimental Procedures
Purification of TZs
For initial experiments, cell walls were isolated from pf18 mt 2 cells. This paralyzed flagella mutant often fails to hatch and the daughter cells accumulate inside the mother cell wall. When resuspended in 10 mM HEPES (pH 7.4), the daughter cells hatch, but the walls from which they escaped remain partially intact in the medium. When the hatched cells and walls are centrifuged at 12,000 3 g, the cells form a stable pellet covered by the flocculent cell walls, which can be resuspended by gently shaking the centrifuge tube [49] . After several rounds of centrifugation and resuspension in 10 mM HEPES (pH 7.4), 5 mM MgCl 2 , 0.5 mM EGTA, 1 mM dithiothreitol, and 25 mM KCl (HMDEK), the cell walls were freed of most of the cells. Cesium chloride gradients had been used previously to purify cell walls [49] and flagellar collars [18] . (Interestingly, in 1975, Hills et al. noted that a minor component on such gradients consisted of ''0.5 mm diameter circular amorphous objects of unknown composition'' that were also seen ''in close association with the basal end of the flagellar collars'' [49] .) The suspension of walls was brought to a final volume of 4.5 ml of 2.8 M cesium chloride and was centrifuged in an SW55 rotor (Beckman) at 38,000 rpm for 14 hr. This led to a band of flagellar collars that contained TZs (Figure 2 ). Later preparations were made with pf1 mt 2 cells. These cells, like pf18 cells, often fail to hatch after division, but when the cells are hatched in 10 mM HEPES (pH 7.4), unlike pf18, the walls disappear microscopically, presumably degraded more completely by the hatching protease, vegetative lytic enzyme. After hatching in 10 mM HEPES (pH 7.4), the cells were removed by centrifuging twice at 500 3 g for 10 min, and the supernatant was centrifuged at 23,500 3 g for 30 min. The resulting pellets were resuspended in HMDEK, and residual cells were removed by centrifugation through a 25% sucrose cushion (500 3 g for 10 min). The supernatant was centrifuged at 135,000 3 g for 30 min and the pellet was resuspended in 2 ml of gamete lytic enzyme (GLE or autolysin). After incubation for 1-2 hr at See also Tables S1, S2 , S3, and S4. a Motifs were taken from the NCBI gene page. room temperature, the preparation was separated on a cesium chloride gradient as described above. Often preparations from two consecutive days starting with 32 l of cells each day were combined on a single gradient. After centrifugation, the gradient had three major bands enriched in flagella, transition zones, and empty flagellar collars ( Figure S1 ). The band containing transition zones was diluted 1:1 with HMDEK and was centrifuged at 75,000 rpm in a TLA120.2 rotor (Beckman) for 20 min. The resulting pellet was resuspended in 0.5 ml HMDEK and was mixed with an equal volume of 60% iodixanol (Optiprep). This formed the middle layer of a 60%, 30%, 20% iodixanol step gradient, which was centrifuged for 3 hr at 50,000 rpm in a TLS55 rotor (Beckman). Flagella and other membranous contaminates accumulated at the 30%/20% interface. TZs were collected from the 60%/30% interface, diluted, and sedimented as above in a TLA120.2 rotor (Figures 2, S1C , and S1D). See the Supplemental Experimental Procedures for a description of light and electron microscopy techniques, proteomic analysis, and other experimental procedures.
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